The presence of an RNA-dependent RNA polymerase was demonstrated in purified infectious pancreatic necrosis virus (IPNV). The enzyme was active in vitro without any pretreatment of the virus. Optimum activity was shown at 30 °C, pH 8 and in the presence of 6 raM-magnesium ions. Approx. 50% of the polymerase product remained associated with the dsRNA template of the virions. The remainder was found as extravirion ssRNA broken down to 5S to 7S fragments by virus-associated RNase(s). Although the addition of bentonite considerably reduced the amount of RNA synthesized, it protected the ssRNA product from degradation. This, in turn, permitted the synthesis of small amounts of ssRNA, which when analysed by sucrose gradient centrifugation or polyacrylamide gel electrophoresis behaved identically to the 24S single-stranded virus mRNA produced in infected cells. The virion polymerase was not stimulated by S-adenosyl-L-methionine or the addition of cellular or capped reovirus ssRNA. Several other modifications of the assay system were tried in an attempt to increase 24S RNA synthesis, but with little success. When [3H]uridine-labelled virus was used in the polymerase reaction, some labelled 24S ssRNA was obtained, indicating that in vitro transcription may proceed by a semi-conservative (displacement) mechanism.
INTRODUCTION
Infectious pancreatic necrosis virus (IPNV) is a medium sized (diam. 60 rim), unclassified, unenveloped, icosahedral fish pathogen with a bi-segmented, 14S dsRNA genome (segments A and B, with mol. wt. 2.5 x 10 6 and 2.3 x 10 6 respectively) (Dobos, 1976; Macdonald & Yamamoto, 1977) . A number of other, hitherto unclassified animal viruses possess biophysical and biochemical properties similar to IPNV, e.g. infectious bursal disease virus (IBDV) of chickens, Tellina virus (TV) of bivalve molluscs and Drosophila X virus (DXV) of Drosophila melanogaster (Dobos et al., 1979) .
Of these viruses, IPNV has been studied most extensively and it has been demonstrated that the two large size-class genome segments encode four intracellular primary gene products: one large, one medium and two small proteins (Dobos, 1977; Dobos & Rowe, 1977) . Genome segment B codes for the largest protein and segment A codes for the other three (Macdonald & Dobos, 1981) via a mechanism that does not appear to involve post-translational cleavage of a large precursor polypeptide (Dobos, 1977) . During intracellular replication of IPNV, only two species of genome length 24S virus mRNAs were synthesized, which hybridized to the two genome segments; no subgenomic mRNAs were detected (Somogyi & Dobos, 1980) . P. P. C. MERTENS, P. B. JAMIESON AND P. DOBOS These results suggest that one of the virus mRNAs (transcribed from segment A) may have multiple initiation and termination sites for translation, in which case an efficient in vitro system for the production of mRNA would be of considerable use to further investigate the mechanism of IPNV gene expression. Such a system already exists for other dsRNAcontaining viruses such as reovirus (Joklik, 1974) , cytoplasmic polyhedrosis virus (CPV) (Smith & Furuichi, 1980) and 46 phage (Partridge et al., 1979) .
A few years ago, Cohen (1975) reported a virion-associated RNA polymerase activity in purified IPNV preparations; however, the reaction product was not characterized. More recently, in vitro RNA polymerase activity has been demonstrated by Bernard (1980) using purified DXV. In this case, it was shown that the radioactive RNA product formed during the reaction remained associated with the virion. Furthermore, after phenol extraction, it was resistant to RNase in high salt concentrations and co-electrophoreses with DXV dsRNA.
In this report, we describe the optimal in vitro reaction conditions for the IPNV RNA polymerase. It was found that although a variable amount of RNase-sensitive ssRNA (5 to 7S) was synthesized, the major reaction product was RNase-resistant and co-sedimented with the 14S virus genome. The small pieces of ssRNA may well represent fragments of 24S ssRNA which had been degraded by a virion-associated RNase. A number of RNase inhibitors were included in the reaction mixture in an attempt to prevent RNA degradation; however, it was found that these also inhibited the RNA polymerase activity. Only bentonite (within a certain concentration range) inhibited RNase completely and RNA polymerase only partially, permitting the synthesis of some genome length 24S ssRNA similar to that observed in virus-infected cells. Our results suggest that the in vitro synthesis of 24S ssRNA by IPNV proceeds via a semi-conservative mechanism similar to that demonstrated for 46 phage (Partridge et al., 1979; van Etten et al., 1980) and Penicillium stoloniferum virus (PsV-S) (Buck, 1978) .
METHODS
Virus. IPNV (Jasper strain) was propagated in CHSE-214 cell monolayers at 20 °C and purified by polyethylene glycol (PEG) precipitation, freon extraction, CsC1 and sucrose gradient centrifugation in TNE buffer (0.1 i-tris, 0.1i-NaC1, 1 mM-EDTA, pH 7.3) as described previously (Dobos & Rowe, 1977) . Twice-purified virus was prepared by two cycles of CsC1 and sucrose gradient centrifugation. The final virus preparation was dialysed against 100 mi-tris-HC1 pH 8, and when necessary the virus was concentrated by placing the dialysis bag in powdered PEG 6000 until the volume was sufficiently reduced. The desired virus concentration was achieved after absorbance measurement at a wavelength of 260 nm (18.5 .426 o ---1 mg dsRNA, as calculated from quantitative chemical RNA and protein determinations of purified virus). Pelleting purified virus by ultracentrifugation was avoided since it was found to reduce its RNA polymerase activity by about 30%. The virus was stored in aliquots at -80 ° C until needed.
[3H]uridine-labelled purified virus was prepared as described by Somogyi & Dobos (1980) . RNA polymerase assay. The standard reaction mixture consisted of 100 mi-tris-HC1 pH 8; the four ribonucleoside triphosphates (ATP, CTP, GTP and UTP) at concentrations of 2mM, 2 mi, 2 mi and 0.02 mM respectively; 10 flCi [3H]UTP; 6 mM-MgC12; 24/~g of bentonite and 20 ag of purified virus in a total volume of 0.1 ml. Preliminary experiments have shown that the lowest, non-limiting concentration of UTP that could be used in a reaction mixture for up to 6 h incubation, was 0.02 mi. The addition of [3H]UTP increased the total UTP concentration to 0.0225 mM per 0. l ml assay. Unless otherwise stated, this was the UTP concentration used in all experiments. Assay components were prepared as stock solutions (usually 10 ×concn.) in sterile glass-distilled water. The reaction mixture was incubated at 30 °C in sterile 1.5 ml Eppendorf tubes. Assays were run in duplicate and at intervals, duplicate 5 /21 samples were removed from both assays, applied to filter paper squares, dried and the trichloroacetic acid (TCA)-insoluble radioactivity determined as described previously (Somogyi & Dobos, 1980) . The relative amounts of UMP incorporated into each sample were calculated from the known specific activity of [3H]UTP used. The results were averaged and multiplied by 20 to give the level of incorporation in a 100 gl assay.
Analysis of the products. In order to check the integrity of IPNV at the end of the in vitro RNA polymerase reaction, the reaction mixture was layered on to 15 to 45 % linear sucrose gradients in TNE buffer and the virus was subjected to rate-zonal centrifugation at 40000 rev/min for 3 h at 4 °C using a Beckman SW50.1 rotor. The gradient was fractionated and the acid-insoluble radioactivity of an aliquot of each fraction measured.
To analyse the labelled RNA products, the reaction mixtures were treated with proteinase K (1 mg/ml) in the presence of 0.5% (w/v) SDS at 37 °C for 3 h to digest the capsid proteins. The RNA was then analysed by rate-zonal centrifugation in 5 to 20 % linear sucrose gradients containing 1% SDS at 22 °C and the acid-insoluble radioactivity of each fraction determined as described previously (Somogyi & Dobos, 1980) . Proteinase K-treated samples were also analysed in 2% polyacrylamide-0.5 % agarose composite slab gels and the labelled RNA visualized by fluorography according to the method of Migus & Dobos (1980) . Phenol-extracted RNA samples were tested for RNase sensitivity in 2 x SSC buffer (SSC: 0-15 M-NaCI, 0.005 M-sodium citrate pH 7.4) with 10 gg/ml pancreatic RNase A per ml at 37 °C for 30 min. Reovirus mRNA was synthesized in vitro as described by Furuichi & Shatkin (1976) .
Materials.
[3H]UTP (35 to 50 Ci/mmol) and [5,6-3H] uridine (40 to 50 Ci/mmol) were obtained from New England Nuclear; spermidine, polyvinyl sulphate and S-adenosyl-L-methionine were purchased from Sigma; proteinase K from BDH; vanadyl ribonucleoside complex (VRC) from Bethesda Research Labs, Bethesda, Md. U.S.A.; human placenta RNase inhibitor from Enzo Biochemicals, New York, U.S.A.
RESULTS

Characteristics of lPNV RNA polymerase activity
The optimum temperature for polymerase activity at pH 8.05 and optimal Mg 2+ concentration is about 30 °C. Neither the Mg 2+ concentration nor the pH were very critical, showing optima at 6 mM and pH 8-05 respectively. The amount of [3H]UTP incorporated was directly proportional to the amount of virus in the reaction mixture, up to 40 gg in a 0-1 ml assay (the highest amount tested).
The time course of RNA synthesis at three different temperatures and three different Mg 2+ concentrations is shown in Fig. 1 . The rate of the reaction was initially higher at 37 °C than at 30 °C, but it had started to decline by 30 min and had stopped completely by 2 h. At 30 °C RNA synthesis continued at a substantial rate for the first 3 h, after which time the rate gradually declined. Although the rate of synthesis at 4 °C was much lower than at 30 °C, a comparable amount of RNA was produced if the assays were incubated for 12 to 14 h (data not shown). Similarly, the rate of reaction was initially higher at 8 mM-Mg 2+ than at 6 mM-Mg 2+ but it had stopped by 1 h. At a concentration of 6 mM-Mg 2+, RNA synthesis was rapid during the first hour of incubation, moderate between 1 and 3 h and slow between 3 and 6 h. At a concentration of 2 raM, RNA synthesis was still proceeding at a slow rate after 6 h.
Under standard conditions (30 °C incubation, pH 8.05, at 6 mM-Mg 2+) most of the reaction product was synthesized by 3 h; therefore, unless otherwise stated, RNA polymerase reactions were terminated after a 3 h incubation period.
When Mg 2+ was replaced by Mn 2+ or Ca 2+, polymerase activity was considerably reduced. The addition of either Na ÷ or K + also diminished the reaction. The addition of NH4C1 was )). An additional sample from which both RNase A and bentonite was omitted was incubated for 1 h, at which time the salt concentration was adjusted to 2 × SSC and RNase A added (10 gg/ml), followed by an additional 30 min incubation at 30 °C (A).
reported to stimulate the in vitro RNA polymerase reaction of phage 46 cores (Partridge et al., 1979) ; however, it did not increase the enzyme activity of IPNV.
Evidence for virus-associated ribonuclease activity
To characterize the RNA polymerase reaction product, the standard polymerase reaction was stopped after 3 h incubation, the virus capsid was digested with proteinase K and the radioactive RNA analysed by rate-zonal centrifugation in a sucrose gradient as shown in Fig.  2 . Two species of labelled RNA were evident: 14S RNase-resistant RNA that co-sedimented with the 14S dsRNA genome of the virion and 5 to 7S RNase-sensitive RNA near the top of the gradient. No 24S ssRNA was detected. Subjecting the virus to a more extensive purification procedure before using it in the RNA polymerase reaction did not improve the quality of the product. Although it is possible that at least some of the 5 to 7S material (Berger & Birkenmeier, 1979) . 1: The protein concentration of cytoplasmic extract was 3.75 mg protein per ml.
represented incomplete transcripts released from the virion during proteinase K digestion, it is probable that any complete transcripts (24S) that were synthesized during the reaction would have been broken down to pieces of approximately this size by virion-associated RNase(s). This conclusion was reached after incubating [3Hluridine-labelled 28S rRNA in a complete reaction mixture (from which [3H]UTP was omitted) with and without added purified virus, followed by sucrose gradient analysis of the preparation. The 28S rRNA broke down to 4 to 5S pieces when virus was present, but remained intact if virus was omitted from the reaction mixture. Addition of bentonite to the reaction mixture protected the labelled 28S rRNA even in the presence of added virus. Therefore, it seemed worthwhile to determine the effect of bentonite and other RNase inhibitors on the RNA polymerase activity.
The effect of RNase inhibitors on the polymerase reaction
Different concentrations of RNase inhibitors were added to the reaction mixture in an attempt to prevent the breakdown of the putative 24S ssRNA. Reaction products, taken at three time intervals, were subjected to qualitative (sucrose gradient centrifugation) and quantitative analysis (Table 1 ). The RNA polymerase activity was partially inhibited by macaloid, vanadyl ribonucleoside complex, polyvinyl sulphate and cytoplasmic extract prepared from CHSE cells. If twice-purified virus was used with or without spermidine the acid-insoluble radioactivity remained at a high level up to 6 h; however, in neither case could 24S ssRNA be detected when the reaction products were analysed in sucrose gradients. A new RNase inhibitor prepared from human placenta was also tried without success.
The effect of bentonite on the quality of the in vitro reaction product is shown in Fig. 2 .
Approx. 25 % of the labelled RNA sedimented at 24S when bentonite was added, whereas the majority of the product (75 %) remained associated with the 14S dsRNA template, indicating that reinitiation of RNA synthesis was minimal. The RNase sensitivity of the 24S and 14S RNA was 96 % and 9 % respectively. During polyacrylamide gel electrophoresis (PAGE), the 24S ssRNA separated into two components and exhibited identical electrophoretic mobility to 24S mRNA produced in infected cells (see Fig. 4, lanes b, c) . It appeared, therefore, that of the number of RNase inhibitors tested, only bentonite protected the 24S ssRNA product from ribonuclease(s) although it substantially reduced the activity of the enzyme. The relative amount of in vitro produced 24S RNA could not be increased by using twice-purified virus and bentonite and/or spermidine. The time course of RNase-resistant and RNase-sensitive RNA synthesis in combination with the effect of bentonite is shown in Fig. 3 . In the absence of bentonite, RNA synthesis 14S dsRNA--proceeded rapidly for the first hour of incubation; however, the amount of acid-insoluble radioactivity in the reaction mixture descreased by approx. 50% during the following 3 to 4 h. The ribonuclease-sensitive material sedimented at 5 to 7S with a similar profile to that shown in Fig. 2 . The final amount of labelled product in these assays was almost as low as those in parallel assays that contained 10/tg/ml of pancreatic RNase. This final RNase-resistant level was reached more rapidly (i.e. s s R N A species were degraded to acid-soluble material) if after 1 h of incubation R N a s e was added to the reaction mixture (Fig. 3) . In the presence of bentonite the amount of R N A synthesized during the first hour of incubation was only 5 0 % of that produced in its absence and was predominantly (90%) 14S material, indicating that bentonite partially inhibited both the rate of polymerization and the rate of reinitiation of R N A synthesis. Nevertheless, during the next 3 to 4 h the net synthesis of acid-insoluble R N A continued to increase, albeit at a very slow and gradually diminishing rate.
P. P. C . M E R T E N S~ P . B. J A M I E S O N A N D P. D O B O S
In the presence of RNase, the amount of template-associated (RNase-resistant) radioactivity remained constant after 1 h, either because reinitiation did not take place, or because any newly produced nascent s s R N A was immediately degraded by the added RNase. Qualitatively, the material synthesized in the presence of RNase represented 14S R N A indistinguishable from the virus genome in acrylamide gels (Fig. 4) . 
Localization of the reaction product
It was of interest to determine whether the labelled reaction product remained within the virion or represented extravirion RNA. To this effect, a standard reaction mixture was incubated for 3 h and the acid-insoluble radioactivity was analysed using a 45 to 15% sucrose gradient without proteinase K or SDS pretreatment. Labelled purified virus centrifuged in a parallel tube served as a sedimentation marker. Approx. 75% of the TCA-insoluble radioactivity incorporated in the standard assay co-sedimented with purified virus and represented the 14S RNase-resistant material. The remaining 25 % was found near the top of the gradient and was mostly 5 to 7S material with a variable but small (1 to 3 %) amount of 14S dsRNA (data not shown). Control experiments using [3H]uridine-labelled virus indicated that this represented virus breakdown products. When the experiment was repeated using [35S]methionine-labelled, purified virus which was subsequentially banded in sucrose gradient and subjected to PAGE and autoradiography, there was no change in the relative distribution of virion polypeptides compared to [35S ]methionine-labelled control virus preparation (data not shown). It appeared, therefore, that the 5 to 7S (or when applicable, the 24S) ssRNA could be released from the virions during in vitro RNA synthesis without drastic changes in the structure of the virus capsid.
Probable mechanism of RNA synthesis
Attempts were made to determine whether 24S ssRNA was synthesized by a conservative or semi-conservative mechanism. In vitro RNA synthesis was allowed to proceed in the presence of unlabelled nucleoside triphosphates (UTP concentration increased to 2 mM) and [3H]uridine-labelled IPNV. After a 3 h incubation period, the reaction mixture was treated with proteinase K, the RNA extracted with phenol and analysed by PAGE and fluorography. The data in Fig. 4 (lane g) shows that although most of the 3H-labelled RNA migrated in the gel as the 14S virus genome, representing the majority of inactive labelled virions in the reaction mixture, some 24S RNA was produced by strand displacement, favouring a semi-conservative mechanism. Similar strand displacement could not be detected if labelled virus was incubated in tris buffer pH 8 only.
We have attempted to confirm these results by density labelling of IPNV dsRNA with 5-bromo-UTP. The rationale was that the dsRNA product of the polymerase reaction with 5-bromo-UTP would result in a hybrid with a heavier buoyant density in caesium sulphate gradient than the original dsRNA without 5-bromo-UTP (buoyant density 1.605 g/ml). Unfortunately, 5-bromo-UTP was found to severely inhibit the reaction and even scaling up the assay 20-fold (400 pg virus) did not yield enough hybrid dsRNA to be detectable in caesium sulphate gradients.
Modifications of the standard assay systems
The standard assay procedure was subjected to a number of modifications in an attempt to increase the amount of RNA produced. The addition of nucleosides, nucleoside monophosphates or diphosphates, S-adenosyl-L-methionine with or without pyrophosphate, phosphoenol pyruvate and pyruvate kinase or pretreatment of IPNV with chymotrypsin, caused no significant increase in RNA synthesis. The inclusion of various amounts of reovirus mRNA or CHSE cell RNA as potential 5' cap 'donors' did not stimulate IPNV RNA polymerase activity.
DISCUSSION
In contrast to purified reovirus, whose structure must first be altered to allow expression of polymerase activity (Skehel & Joklik, 1969) , IPNV is active without any pretreatment. In this P.P.c. MERTENS, P. B. JAMIESON AND P. DOBOS regard, it is similar to other dsRNA viruses such as CPV (Lewandowski et al., 1969 ), PsV (Buck, 1978 and DXV (Bernard, 1980) . There was no correlation between the optimum temperature for in vitro RNA synthesis (30 °C) and the optimum temperature for intracellular IPNV replication (18 to 20 °C). The incubation temperature, the Mg 2÷ concentration and the pH did not appear to be very critical for the synthesis of RNA by IPNV in vitro. The amount of RNA synthesized was proportional to the amount of virus present in the reaction mixture. Similar observations were made by Cohen (1975) , who was the first and so far only investigator, to study the in vitro RNA polymerase activity of IPNV. Some of our data confirm his findings; however, our results differ from his in other respects. The probable reasons for this are given below. Cohen (1975) found that incorporation of [3H]UMP into TCA-insoluble product was linear for up to 2 h and that 80% of the RNA synthesized during a 1 h incubation period was RNase-sensitive, hence single-stranded. We observed a linear incorporation of radioactivity for only the first hour of incubation ( Fig. 1 and 3) and found that at this time 50% of the RNA synthesized was sensitive to RNase (Fig. 3) . The discrepancy in the two sets of data may be due to the fact that Cohen (1975) used limiting amounts of UTP in his polymerase reaction. The only source of UTP in his assays was the [3H]UTP which gave a final concentration of 0.0025 mM: approx, l0 times less than that used by us. Under such conditions, the polymerase reaction would progress more slowly and less RNA would be synthesized, although the products would be highly radioactive. When [ 3H]UTP was used by us under otherwise standard reaction conditions as the sole source of UTP, it was found that the incorporation of radioactivity to TCA-insoluble material was linear for at least 6 h (P. P. C. Mertens, unpublished results). We have found that the RNase-sensitive reaction product sedimented in sucrose gradients as 5 to 7S heterogeneous material (Fig. 2) and represented extravirion RNA. Most of the ribonuclease-resistant material, in the form of 14S dsRNA, remained associated with the virus.
Experiments using pre-labeUed 28S rRNA with non-radioactive reaction mixtures in the presence and absence of IPNV, followed by post-incubation analysis of the labelled rRNA, lead to the conclusion that the purified virus was closely associated with RNase(s). The fact that in the standard polymerase assay the amount of 5 to 7S RNA decreased after 1 h of incubation, as more and more of this material became TCA-soluble (Fig. 3) , reinforced this conclusion. We felt it reasonable to assume that the 5 to 7S reaction product represented breakdown products of 24S ssRNA since in infected cells this was the only single-stranded virus-specific RNA to be detected (Somogyi & Dobos, 1980) . It appeared that the digestion of 24S ssRNA by virion-associated RNase(s) took place in the two-step process. Firstly, the rapid degradation to 5 to 7S pieces, which could be due to RNase-sensitive exposed loop regions in the 24S RNA; secondly, the somewhat slower digestion of 5 to 7S RNA into TCA-soluble material. The extent of this latter process was dependent on the length of incubation (see Fig. 3 ) and the amount of virion-associated RNase (see once-and twice-purified IPNV, Table 1 ). A number of ribonuclease inhibitors were added to the reaction mixtures in an attempt to prevent the breakdown of the putative 24S ssRNA (Table  1) . Only bentonite was found to be effective and allowed the synthesis of 24S ssRNA, although in very small amounts ( Fig. 2 and 4) since it drastically reduced polymerase activity.
With regard to the mechanism of in vitro ssRNA synthesis, the IPNV RNA polymerase could synthesize virus ssRNAs either by a conservative mechanism, whereby the nascent RNA strand is released as ssRNA, or by a semi-conservative displacement mechanism, whereby the nascent strand displaced one of the two parental strands. Reovirus and CPV produce ssRNA in vitro by the conservative mechanism (Joklik, 1974; Smith & Furuichi, 1980) , whereas the semi-conservative mechanism has been demonstrated in PsV (Buck, 1978) and the dsRNA phage 46 (van Etten et al., 1980) .
The relatively large amount of radioactivity which remained associated with the IPNV dsRNA template, seemed to indicate that the virus polymerase synthesized ssRNA by a semi-conservative mechanism. We attempted to demonstrate this using 3H-dsRNA-labelled virus. If the reaction was conservative, all of the radioactivity should have remained with the dsRNA; conversely, if the reaction was semi-conservative, at least some of the radioactivity should have appeared as ssRNA. Although the majority of the radioactivity remained with the dsRNA, some did appear in the region of 24S ssRNA (Fig. 5, lane g) . The large amount of radioactivity which remained in the dsRNA region of the gel was not surprising considering that only 15 to 20 % of virions were active in RNA synthesis in vitro, and that the addition of bentonite severely reduced the activity of the polymerase.
Semi-conservative replication of PsV RNA was demonstrated by showing incorporation of 5-bromouridine monophosphate into one strand of the dsRNA genome. The resultant dsRNA had a 'hybrid' buoyant density in caesium sulphate gradients. Unfortunately, 5-bromo-UTP severely inhibited the activity of IPNV polymerase.
Whenever we managed to synthesize 24S ssRNA in vitro (Fig. 5, lane c) copies from the smaller dsRNA segment were more abundant than from the larger segment. This was unexpected since the reverse was true when the synthesis of 24S ssRNA was analysed in infected cells (Migus & Dobos, 1980; Somogyi & Dobos, 1980) . This may indicate either that the smaller 24S RNA was made more frequently in vitro than the larger (possibly its synthesis was less inhibited by bentonite), or that it was more resistant to RNase than the larger ssRNA species.
As with other dsRNA-containing viruses, the RNA polymerase of IPNV may be considered to function as a transcriptase. It may be suggested that the polymerase synthesizes both plus and minus strands but in unequal proportions. Some of the strands might anneal to yield radioactive dsRNA which remained in the virion, whereas unannealed ssRNA was extruded. It is also conceivable that some of the newly synthesized plus strands were used as templates to produce complementary minus strands forming dsRNA. Although these alternative possibilities appear unlikely, they cannot be ruled out until experimental evidence proves otherwise. This investigation was supported by the National Science and Engineering Research Council of Canada. We thank Mr T. Roberts for supplying the in vivo labelled virus-specific RNA.
